To improve the photoelectric property of polyaniline (PANI) counter electrode using for flexible dye-sensitized solar cell (DSSC), graphene (GN) was doped in PANI films covered on flexible conducting substrate by one-step electrochemical method, and then GN/PANI composites are characterized by scanning electron microscope (SEM), fourier transform infrared spectroscopy (FTIR), four probe instrument, and so on. The results show that PANI particles can be electrodeposited on the surface of GN sheets as the potential rising to 2.0 V. This formed unique PANI-GN-PANI lamellar structure owing to the strong interaction of conjugated electron between GN and PANI results in the superior conductivity and catalytic performance of GN/PANI electrode. The maximum conversion efficiency of dye-sensitized solar cell with this counter electrode reaches 4.31%, which is much higher than that of GN-free PANI counter electrode.
Introduction
DSSCs, a prominent member of the larger group of thin film photovoltaic devices, have been considered as a potential alternative to conventional Si-based solar cells for their low cost and high efficiency of energy conversion [1] [2] [3] . The conductivity and catalytic activity of counter electrodes (CEs), which catalyze the reduction of tri-iodide (I 3 − ) ions to iodide (I − ) ions and transfer electrons arriving from external circuit back to the redox electrolyte, affect the performance of photosensitive cell [4] . Pt CE, generally used for its small resistance and high catalytic performance, is extremely expensive and has the problem of reserves for large scale application [5] . So far, a plenty of tests have been tried to find an alternative noble material of Pt, such as carbon materials [6] , tungsten carbide nanorods [7] , alloy metals [8] , and conductive polymer [9] . Furthermore, the ITO glass has the problem of high price and its fragility and shape limitation will limit the transportation of ITO glass based DSSCs. In recent years, the introduction of plastic films as substrates to fabricate a flexible counter electrode layer has drawn our attention [10] [11] [12] .
PANI is one of the typical conducting polymers that attracts a great attention due to its ease of synthesis, nice environmental stability, interesting electroactivity, and simple acid/base doping/dedoping chemistry. Qin et al. [13] had fabricated PANI CEs based on flexible PET matrix, and the electrochemical properties of the prepared PANI and the photoelectric performance of DSSC assembled with PANI CE were also characterized. The result showed PANI CE based DSSC had low conversion efficiency because of the high internal resistance of PANI CE. Qin and Zhang [14] had reported that polyaniline was facilely synthesized on indium tin oxide (ITO) conducting polyethylene terephthalate substrates via electrochemical polymerization method, and the optimal efficiency of dye-sensitized solar cell (DSSC) with flexible PANI/ITO-PET counter electrode reached 0.86%. Aiming to lower the resistance of PANI CE, a new improving PANI-CE composed with high conducting materials, such as various carbon materials, needs to be developed. GN has large theoretical surface area about 2620 m 2 /g, can withstand large current densities [15] , has extremely high charge (electrons and holes) mobility (230,000 cm 2 /Vs), and has large amount of edge planes/defects [16] . Both GN and PANI have conjugated electrons, so PANI has a strong affinity for GN due to electron interactions, easily forming a uniform nanocomposite. Li et al. [17] had prepared polyaniline 2 Journal of Nanomaterials intercalated reduced graphene oxide CE on flexible Ti foil or PET substrate for DSSC application. Dinari et al. [18, 19] had prepared polyaniline-graphene quantum dots on FTO glass by in situ electrochemical polymerization and it showed good catalytic activity in promoting triiodide reduction. Herein, we consider synthesizing a flexible PANI-CE modified by GN on PET-ITO substrate via electropolymerization and characterize the performance of this GN/PANI CE based DSSC. The influence of GN nanosheets on the electric properties and photoelectro catalytic process of PANI CE has been also researched.
Experimental
2.1. Materials. Aniline (An, analytical grade from Sinopharm Chemical Reagent Co., Ltd.) was purified by distillation under reduced pressure prior to usage. GN (C>99.5 wt%) nanosheets were bought from Nanjing Xianfeng nanomaterials technology Co., Ltd., ITO-PET films (Shenzhen Huanan Xiangcheng science and technology Co., Ltd. 10-30 Ω/sq) were used for PANI deposition. Analytical grade reagents, H 2 SO 4 (98 wt%) and ethanol (Sinopharm Chemical Reagent Co., Ltd.) were used without any pretreatment. TiO 2 photo anodes, dye-N719, and iodine ion liquid electrolyte were the commercial product purchased from Tongna New materials Technology Company. All solutions were prepared from deionized water.
Fabrication of Flexible GN/PANI CE.
The GN/PANI thin film was anodic deposited onto a PET-ITO substrate from a deposition bath consisting of 1 mg/mL GN, 0.2 mol/L aniline, and 0.5 mol/L H 2 SO 4 in a three-electrode cell. The threeelectrode cell was constructed with a Pt sheet as CE and a saturated calomel electrode (SCE) as reference electrode. One ITO-PET sheet was used as a working electrode. The deposited area was 5 mm × 5 mm with other area insulated by adhesive tapes. The potentiostatic polymerization was carried out using a computer-controlled electrochemical analyzer (CHI660C, Shanghai CH instruments, China). Prior to deposition, PET-ITO sheets were ultrasonically cleaned with ethanol for 10 min. Then the potentiostatic polymerization of PANI flexible CE was carried out between 1.4 V and 2.2 V for 500 s. Finally, resulting GN/PANI PET electrode was immersed in dilute sulphuric acid statically in order to expel aniline monomer and oligomer PANI from the polymeric film, followed by rinsing with deionized water for several times and dried in a vacuum at 60 ∘ C for 24 h. By contract, a GN-free PANI flexible CE has also been prepared. into the aperture between the TiO 2 electrode and the GN/PANI counter electrode. For the contrast test, the DSSCs with TiO 2 photoanode and a pure-PANI CE were also fabricated.
Characterization of GN/PANI CE.
We used a field-effect emission scanning electron microscopy (FE-SEM, JEOL JSM-7001F, and JPN) operated at 15 kV to characterize the surface morphology of GN/PANI electrodes. Fourier transform infrared (FTIR) spectra were recorded in the range of 500-4000 cm −1 by a FTIR spectrometer (Nicolet iS10, USA). The conductivity of GN/PANI electrodes was measured by four-probe instrument (R9000, CHN). The thickness of samples was measured by micrometer caliper. The electrochemical impedance spectroscopy (EIS) was performed in a symmetric cell consisted of two identical counter electrodes with an electrochemical station (CHI660C, CH0020 Instrument, China) at the frequency range of 0.1-10 5 Hz. The magnitude of the alternative signal was 10 mV. Photocurrentvoltage ( -) characteristics of the DSSCs were obtained by a Keithley model 2400 digital source meter using an Oriel 91192 solar simulator equipped with AM 1.5 filter and intensity of 100 mW/cm 2 . The effective cell area was 16 mm 2 . Figure 1 illustrates the current-time curves traced during the potentiostatic polymerization of GN/PANI at different constant potentials. It is shown that PANI doped with GN nanosheets can develop on the surface of ITO-PET substrate at 1.4 V by potentiostatic deposition, and there is little oxidation current below 1.4 V. That is, GN/PANI film cannot be electrodeposited on PET film below 1.4 V. The process of GN/PANI electrodeposited on conducting PET substrates always goes through two steps: the rapid growth period and the steady saturation period. During the initial stage, the current density increases sharply, and the initial rapid growth time is shortened within 50 s or so. It indicates that the nucleation rate upon 1.4 V is much rapid. This increase of anodic current depends on the oxidation of aniline to PANI during the growth process. Firstly, aniline cation radicals produced during the induction period adsorbed on the ITO-PET surface, then PANI chains grew from these primary nucleation centers, and soon the PET substrate was fully coated with a thin PANI film. Secondly, the secondary nucleation of PANI occurs already on the grown PANI film, and the PANI chains grew on the previous formed PANI film. It indicated that the growth rate of PANI would not be continually increasing but finally level off. After the induction period, the current density keeps steady for a long time, and the deposition process of PANI enters the saturated growth stage. Moreover, the current density gradually increases along with the rise of constant potential; that is, the growth rate of PANI electrodeposited at higher potential is much faster than that at low one. Especially, as the constant potential moved to more positive potential of 2.0 V, the current density increased sharply threefold. This phenomenon might be attributed to the nucleation and growth of PANI take place on the surface of blended GN nanosheets when the constant potential reached 2.0 V. This point can be also deduced from the micromorphology of GN/PANI film at 2.0 V by SEM (Figure 2(d) ). However, the current density of PANI at 2.2 V declined followed the initial rapid growth period for 100 s or so. The decline of current intensity was related to the degradation of PANI film accompanying with the polymerization process of aniline. With the potential increasing (above 2.2 V), the process of the peroxidation degradation was dominated, and this degradation phenomenon of PANI results in the damage of PANI film and the breakage of PANI molecular chain. Thus, the GN/PANI electrode cannot be well electropolymerized at 2.2 V.
Results and Discussion
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Morphological Properties.
The morphologies of GN/ PANI films electrodeposited at different potentials were shown in Figure 2 . The results showed that the few-layers GN nanosheets was doped into the PANI films. From Figure 2(a) , it can be seen that some transparent, smooth, and paperlike GN nanosheets covered on the top of PANI particles or nanorods with the diameter of 120 nm or so, as PANI film electrodeposited on the surface of ITO-PET substrate at 1.4 V. With the potential increasing to 1.6 V, nanofiber PANI with the diameter of 40 nm and the length of more than 1 m can be formed. It is indicated that a preferential vertical growth of PANI particles occurs at higher potential, resulting in the formation of one-dimensional nanofiber PANI structure. Thus, very long length and low density of fiber PANI were observed on top of the compact basal layer, leading to a loosely porous structure. Doped GN sheets have similar effect on PANI prepared under 1.4 V and 1.6 V. As the potential rising to 1.8 V, PANI began to grow on the top of GN sheets. The one-dimensional nanofibrils PANI transformed to nanorods with the thicker diameter of 100 nm. And on the top of partial GN nanosheets, some PANI nuclei particles with a diameter of 25 nm take place. Then it can be seen that many bulges appeared on the surface of GN layers with PANI electropolymerized under 2.0 V. These are the similarspherical PANI particles grown on the entire GN layers. In addition, some big-sized PANI particles got together around the hybrid lamellar GN/PANI layers. When GN/PANI films are polymerized under 2.0 V, the polymerization process of PANI occurs in two stages. Firstly, aniline monomers go in the gap of GN layers and are absorbed on the surface of smooth GN single layer. Secondly, aniline monomers electropolymerized on the GN layers, resulting in many special PANI spherical particles, which are quite different from the morphology of PANI prepared on ITO-PET substrates. This may be the result of the strong affinity between PANI nuclei and GN sheets due to both electron interactions, forming the uniform, compact coating of PANI nanoparticles. This PANI uniformly coated on the surface of the GN exhibited a hybrid lamellar structure, leading to excellent conductivity and absorbency. Then with the polymerized potential increasing to 2.2 V, the degradation of GN/PANI films took place. From Figure 2(e) , it is shown that some aggregation of GN nanosheets and a few PANI nanorods piled up, and the PANI particles cannot grow on the surface of GN layers at overpotential. That is, the degradation and overoxidation of PANI were speeded by the ultrahigh potential. Thus, the growth of PANI nanoparticles or nanorods was destroyed. This result can be also demonstrated in Figure 1 (e). Figure 3 , the broad peak in the frequency range of 3200-3500 cm −1 was attributed to the N-H stretching vibrations of For GN/PANI electrode at 2.2 V (Figure 3(e) ), the characteristic band at 1223 cm −1 , which was related to C=N stretching modes, turned to be more weakening. The reason is the change of PANI structure caused by the overoxidation phenomenon, whereas it is clear that the characteristic peak of GN presents the carbon rings stretching deformation at 1076 cm −1 increased due to the degradation of PANI, and the characteristic peaks of the aggregated GN sheets appeared more obviously.
Fourier Transform Infrared Spectral Analysis. As shown in
Conductivity Measurement.
The conductivity of GN/ PANI polymerized at different potential is measured by four-point-probe instrument. Table 1 presents the thickness and the conductivity of pure PANI and GN/PANI layers at different potential. It can be found that the film thickness of GN/PANI increases with the polymerization potential increasing, while the conductivity decreases. Except the GN/PANI film at 2.0 V, the conductivity is increasing to 0.375 S/cm. It may be contributed to the PANI particles growth on the surface of GN sheets with lower resistance at high potential of 2.0 V, resulting in the improvement of conductivity of PANI electrode. In addition, the thickness of GN/PANI film was increased little and poorer conductivity of GN/PANI film electrodeposited at 2.2 V is caused by the degradation and overoxidation of PANI. As the polymerization potential reached too high values, the degradation of GN/PANI took place, leading to the breakage of molecular chain and the damage of PANI film. Meanwhile, the GN nanosheets without PANI particles covered aggregated seriously; thus the conductivity of GN/PANI at 2.2 V was reduced much. Thus, the best conductivity of GN/PANI deposited on conducting PET substrate reached 0.375 S/cm when the polymerization potential was 2.0 V. To compare, the conductivity of pure PANI film was measured. It can be seen that the resistance of pure PANI was higher than PANI with doped GN, due to electron conjugative effect between GN and PANI, speeding up the electron transfer rate. GN doped in PANI can reduce the resistance of film, and the conductivity was increasing about one order of magnitude.
Electrochemical Impedance Spectroscopy.
In order to characterize the electrochemical behavior of the GN/PANI composite film, EIS analysis was carried out with the symmetric cell consisting of two identical GN/PANI electrodes prepared at 2.0 V. The interelectrode space was filled with same content of liquid electrolyte. The Nyquist plots of symmetric cells for these various counter electrodes are shown in Figure 4 . The equivalent circuit model of the EIS spectra is also drawn in Figure 4 . describes mainly the ohmic serial resistance of the two identical electrodes. ct measures the charge transfer resistance of electrolytes.
From Figure 4 , it can be obviously observed that the resistance of PANI doped by GN markedly decreases, compared to that of pure PANI, which illustrates that the addition of GN enhances the conductivity of the polymer significantly. The resistance of PANI-GN composite electrode is reduced with the content of GN increasing. On the other hand, the conductivity measurement also shows that the addition of GN benefits charge transport in the polymer conductor, which is consistent with the results obtained by EIS spectra simultaneously.
The Nyquist plots (EIS spectra) of both polymers with and without GN exhibit the semicircular characteristics in the measured range of frequency without linear behavior in the low-frequency range, which indicates that the controlling step in the electrode reaction is charge transfer, but not ionic diffusion. It is indicated that the conductivity of polymers in the presence or absence of GN comes from charge transport but not ionic conductivity. Compared to the pure PANI, GN/PANI composite electrode is believed to show the faster charge transfer owing to the excellence conductivity of GN nanosheets and electron interactions between GN and PANI. The values of GN/PANI are more than 130 Ω, indicating that the significantly high sheet resistance of two electrodes with ITO conducting PET substrate leads to a large value of . ct is obviously reduced with the added amount of GN; it can be deduced that the GN/PANI composite electrode had lower charge transfer resistance for liquid electrolyte. Owing to the excellent conductivity and absorbability of GN nanosheets, the catalytic rate of GN/PANI for liquid electrolyte is increasing, and the charge transfer rate of GN/PANI composite is faster than that of pure PANI.
IV Measurement.
The photocurrent-photovoltage curves of DSSCs with different counter electrode are shown in Figure 5 . And the photovoltaic characteristics of the DSSCs are also summarized in Table 2 . The photoelectric conversion efficiency can be calculated by the following equation:
where sc is short-circuit photocurrent density (mA/cm 2 ), oc is open-circuit voltage (mV), FF is fill factor, and in is the incident power. The photo-to-current conversion efficiency of GN/PANI CE based DSSCs shows a gradual decrease from 1.4 V to 2.2 V, but there is a prominent enhancement of conversion efficiency with GN/PANI CE at 2.0 V (4.31%), which is much higher than that of DSSC based on the GN-free PANI CE (1.75%). Of course, a great increase of the photocurrent of DSSC with GN/PANI CE at 2.0 V is attributed to the higher electron exchange efficiency and higher specific surface area of doped GN sheets. It was found that the GN nanosheets had higher specific surface area, leading to the much more absorption of liquid electrolyte, which is benefitted for charge transfer between the electrolyte and counter electrode. PANI films cannot be formed on the GN sheets at low potential of polymerization, and the relatively poor conductivity of GN/PANI CE resulted in the higher charge transfer resistance of cells and the drop of conversion efficiency. As the potential rises to 2.0 V, newly PANI was polymerized on the surface of GN layer and formed many nanoparticle PANI layers with high specific area. This hybrid GN/PANI lamellar structure gives rise to the excellent conductivity and absorbency; as a result, the short-circuit photocurrent and fill factor of this DSSC increased obviously, leading to the rise of the photoelectric conversion efficiency of cells. In conclusion, the photovoltaic performance of PANI CEs can be extremely improved by the modification of GN, owing to the fierce binding force of PANI with GN, and the excellent conducting property of the composites.
Conclusions
In this study, unique GN/PANI hybrid composite electrodes were obtained by a facile potentiostatic deposition in an aqueous electrolyte containing GN nanosheets and employed for DSSCs. It exhibits the uniform PANI nanofibrils or particles coated on the surface of GN at 2.0 V, which had a lower charge transfer resistance and a superior phototo-current conversion efficiency of 4.31%, in comparison with a pure PANI electrode, due to the synergistic effect between GN and PANI. The flexible GN/PANI electrode can be a promising alternative as a counter electrode applied in flexible DSSCs for its low cost, high conducting property, and electrocatalytic activity.
